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SUMMARY Variability in coronary arteriogram readings was studied by having cine films from ten patients read by eleven readers. Three of the eleven subsequently met as an expert panel to provide a joint evaluation which could serve as a standard. Considerable variability was found between individual readers and between readers and the panel. The average standard deviation for estimation of any segmental stenosis by any single reader was 18%. Disagreement about THE PROGNOSIS OF PATIENTS with atherosclerotic heart disease managed medically or surgically is markedly influenced by the extent of coronary artery disease and left ventricular dysfunction.1 These factors are two among several assessed in patients enrolled in the Seattle Heart Watch, a community based project which is attempting to assess quantitatively the predictors of sudden cardiac death and myocardial infarction in patients studied within the community. Since cardiac catheterization was performed and qualitative analysis was done by cooperating physicians in five participating Seattle hospitals (Providence, Swedish, University, Virginia Mason, and Veterans), it was necessary to assess the variability arising from reading coronary and ventricular angiograms in the different institutions. This report presents the analysis of variability within a panel of eleven readers who read studies from ten patients. Sources of variability are reviewed and remedies proposed. the number of major vessels with a 70% stenosis occurred 31% of the time. Discrepancies were most likely to occur in analyzing distal arterial segments, in reading nonopacified segments, and during analysis of films showing more severe disease or having poorer technical quality. Recent experience in reading arteriograms seemed to be the most important characteristic in determining the accuracy of a reader. A protocol for the use of three readers is suggested. provide views at 900 angles to one another. No hemiaxial views were taken. A stratified random sampling scheme was used to ensure selection of a representative spectrum of coronary disease groups, as categorized by the number of major vessels with at least 70% stenosis and by normal or abnormal left ventricular function. Only films estimated to be of adequate technical quality were eligible for this study.
Eleven physicians, representing the Seattle Heart Watch cooperating facilities, individually reviewed these ten films in a pre-assigned random order and completed the standard Heart Watch arteriography forms. Three of the eleven subsequently met to resolve differences of opinion and provide a joint reading which could serve as a standard from an "expert panel."
Raw observations collected were: the estimated amount of stenosis (percent narrowing in the diameters) of each of ten vessel segments, the presence or absence of collaterals, the degree of left ventricular contraction according to a qualitative five-division grading, as well as a film quality rating, and an overall assessment of the presence of coronary artery disease.
The statistical approach taken for all entirely numerical variables was to use the standard deviation of the responses as a measure of the amount of variability and thus of the amount of agreement. When considering the amount of agreement on variables that were at least partially nominal in nature, standard deviations were not always applicable. For example, each reader was asked to estimate the amount of narrowing (to the nearest 10%) in the diameters of each of ten vessel segments from each patient. However, when the vessel segment was not sufficiently visible to allow an assess-324 CIRCULATION VARIABILITY IN ARTERIOGRAM READING/DeRouen, Murray, Owen ment, "unknown" was a possible response. To measure the amount of agreement between pairs or among groups of readers, it was necessary to use a statistic which could take into account the fact that unknown was a legitimate response and indicated the inability of the reader to make a quantitative evaluation. It was decided to categorize the responses, using two sets of category boundaries likely to correspond to different definitions of disease:
To measure agreement between two readers on the same case, their paired assessments of the ten vessel segments of that case can be categorized according to set A or B above, and the proportion of segments in which they agree or disagree determined. Any statistic used to quantitatively express the amount of agreement should correct for chance agreement. As a result of recommendations in Fleiss' review and comparison of statistical procedures applicable to the situation,e the statistic used was Cohen's K,7 defined by Po-Pc
where po is the observed proportion of agreements, and Pc is the proportion of agreements expected by chance. The statistic is then interpretable as the proportion of agreements that occur from among comparisons in which agreement would not be expected by chance alone. When K = 1.0, perfect agreement is indicated; when K = 0 the amount of agreement is equal to that expected by chance; and K is negative when the amount of agreement is less than that expected by chance.
In order to measure overall agreement among, for example,, all eleven readers on a specific case, the average K (K) from all 55 pairwise combinations of readers was used. In a similar manner, agreement on readings for a specific vessel segment over all cases can be computed. For comparing individual readers with the panel readings, a single K was computed, based on readings on all vessels in all cases. Table 1 summarizes the data generated by the part of the reading trial in which the percentage of maximal diameter reduction was estimated for each of ten vessel segments. Each cell contains the summary of the readings for one single vessel segment. The values in each cell are the average and standard deviations of the quantitative estimates, the joint panel readings (in parentheses), and the percentage of readers (out of eleven) who gave "unknown" as a response. Using data from this part of the trial, the following comparisons were made.
Results

Percentage Maximal Reduction in Vessel Diameter
Comparison of50% and 70o Stenosis as Category Boundaries
To assess the change in variability produced by changing category boundaries from 50% to 70% stenosis, average coefficients of agreement (KW) were computed among the three panel members, among the eight nonpanel members, among all eleven readers combined, and for pairwise comparisons of the eight nonpanel members with the panel reading. These average K values are given in table 2.
The use of 70% stenosis as the boundary definition increased the overall amount of agreement. Although not given here, K coefficients were also calculated and compared by case and by yessel for the same groupings of readers. In those comparisons, K70 was larger than Wse in the majority of comparisons. Thus, the use of 70% stenosis as the definition of serious disease is likely to increase agreement among readers. Because of this finding, further analysis requiring computation of K values is based on the use of 70% stenosis as the category boundary.
Comparison ofAgreement Among Vessel Segments Table 3 contains the average standard deviations of the numerical stenosis assessments, and the average K coefficients of agreement, by vessel segment, for the eleven readers. Although these two measures do not coincide exactly on the ordering of vessels according to degree of agree- ment, general consensus is achieved. The diagonal branch of the left anterior descending, the distal one-half of the left anterior descending and the distal one-third of the right coronary artery stand out as those segments in which there was the least agreement. The segments in which there was highest agreement were the proximal one-third of the right coronary artery, proximal one-half of the left anterior descending, and the left main coronary artery. These results are in general agreement with those of Detre et al.,5 in that they also found less agreement in the distal portions of arteries than in the proximal portions. The most serious difference between our results and those of Detre relates to the distal portion of the right coronary artery, which was among the highest in agreement in her study, but among the lowest in agreement in ours. Table 4 contains the average standard deviations and K coefficients by case. Also in table 4 are the average values for film-quality ratings, which could assume values on a scale ranging from 0 (inadequate) to 3 (good), and the value determined from the panel readings for the Friesinger index,' which could assume values on a scale ranging from 0 to 15 in increasing order of severity of disease. It is obvious that agreement is case-dependent, ranging from essentially perfect agreement for case 9 to very poor agreement for cases 7 and 8.
Comparison of Agreement Among Cases
Since tables 3 and 4 indicate that variability (agreement)
is very much dependent on vessel segment and case, it is probably unwise to try to give an estimate of variability which would apply uniformly to any vessel segment in any patient. However, with the general lack of available information in the literature on the reliability of angiographic readings, it is inevitable that some overall estimate of variability is desired. If so, then it is probably meaningful to use the average standard deviation over all cases, 18%, as a crude estimate of general variability. This is somewhat smaller than an estimated standard deviation of 21%1 previously reported, but it is probably conservative because all the films reviewed were from one hospital. It should also be kept in mind that observed standard deviations ranged from 0% to 51.32% and that if two standard deviations are used to indicate the possible error in reading an obstruction, twice the average standard deviation would indicate a possible error of ± 36%.
In considering the effect that film quality and assessed severity of disease may have on reader variability as measured by K7O and average standard deviations, correlation coefficients were computed for the variables and data given in table 4. As expected, agreement improved with film quality and declined in cases with more advanced disease. However, there was some evidence that readers tended to give poorer film quality ratings for the cases that were most difficult to read, namely cases of severe disease.
Another point that should be made with respect to stenosis assessments relates to the variability as a function of percentage of "unknown" responses. In table 1, out of the 100 vessel segments viewed in the ten cases, there were eight segments for which the joint panel opinion was that the segments were not demonstrated on the film. For these eight segments designated "unknown" by the panel, three had extremely large standard deviations (39.46, 50.0, 51.32) for the quantitative values given; the remaining five had standard deviations of zero. The reason for this is that, almost without exception, the quantitative values given for these segments tended to be either zero or 100%, so that in some cases there was perfect agreement, in others most severe disagreement. This points out a tendency to misinterpret nonvisible segments as being either normal or completely occluded, which is obviously a serious problem.
Collateral Circulation and Ventricular Contraction
As part of the overall evaluation of disease, readers were asked to indicate presence or absence of collateral circulation and to grade contraction of the left ventricle by indicating the percentage of involvement by akinesis or hypokinesis. Overall agreement on presence of collaterals is fairly good, with 80% or more agreement on eight out of the ten cases. On the two cases where there was serious disagreement, the percentages of agreement were 55% and 64%. The average coefficient of agreement among readers for presence of collaterals was K = 0.49. Agreement on contraction grade was not quite as good, with K = 0.34, and with rather pronounced differences of opinion on about half the cases. However, if less than 25% left ventricular involvement by akinesis or hypokinesis is defined as normal, and more than 25% involvement defined as abnormal, agreement is increased. This suggests that distinctions between normal and abnormal left ventricular performance may be possible from such qualitative assessments, but finer gradations are difficult, and probably require quantitative evaluation to be reliable. There was little relationship between the amounts of agreement on contraction grade, collaterals, and vessel diameter reduction for any specific case.
Assessment of Disease
Overall assessment of coronary artery disease was made in three ways. First, each reader was asked to classify the presence of coronary artery disease (CAD) in each film as (i) no lesions of more than 20% obstruction, (ii) borderline lesions (disease, but less than 50% obstruction), or (iii) definite lesions (more than 50% obstruction to any proximal artery). Second, a value of the Friesinger index' was computed for each case from each reader's assessments. Third, the number of major vessels with more than 70% obstruction (NVES7O) was determined from the segment readings. The summary of these results for all cases is given in table 5. For the NVES70 and Friesinger variables, it should be pointed out that averages of these values by case compare very well with the expert panel determinations, given in table 4 for the Friesinger index and in table 6 for NVES7,. This indicates that, as a group, the readers were fairly accurate. However, since films are not usually reviewed by as many as eleven people, a more important point which must be considered is the effect of observer variability when a film is viewed by one, two, or three people. The eleven readers in this study represent a broad spectrum of experience and training, much as you might expect to find in any large community. Ages of the readers ranged from 32 to 55 years, with corresponding training and experience ranging from a current fellow in cardiology to 25 years in practice.
In order to provide a standard with which to compare the readings, three of the readers, who were among the most active in terms of the number of films recently read, subsequently met and agreed on a joint evaluation of each film. This panel consisted of a senior radiologist, a senior cardiologist, and a second-year fellow in cardiology. Only agreement of the eight nonpanel members with the standard was considered.
Several reader characteristics were considered in the search for associations with accuracy of reading as measured by agreement with the standard. These characteristics included board-certification in cardiology, number of years in practice, estimated total number of films read, and the estimated number of films read in the past year. The only relationship which was statistically significant was a positive association between the number of films read during the past year and agreement with the panel on the percentage stenosis in vessel segments.
The effects of differences between nonpanel and panel readers in overall assessment of disease, as reflected by the number of major vessels diagnosed to have at least a 70% obstruction, are given in table 6 . In four of the cases, all eight nonpanel members agreed with the joint panel determination of NVES70. In the other six cases, the number who disagreed with the panel ranged from a low of one to a high of seven. Of the 80 individual NVES7O determinations made by the eight nonpanel members, 55 (68.75%) agreed exactly with the corresponding panel determinations, 18 (22.5%) were within one vessel of the panel values, and seven (8.75%) differed from the panel value by two vessels. Thus, keeping in mind that the probability of misclassification depends to a large extent on the case and the reader, the overall proportion of disagreements with the panel (31.25%) might be used as an estimate of the probability that a single NVES7O determination of any one reader is wrong.
Discussion
This study was performed to document the amount of variability one is likely to see in arteriographic readings, and to explore sources of this variability. There are many ways *None = no lesion >20% obstruction; borderline = disease, but <50% obstruction; definite = >50% obstruction to any proximal artery.
No assessment given.
Too many unknown assessments given would preclude a meaningful evaluation.
-327 -of presenting and analyzing the data other than the ones we have chosen, but those methods used were selected to allow easy interpretation and a relatively brief presentation. The variability in readings and the likelihood of disagreement with an expert panel depends very much on the case being evaluated and the person reading the arteriogram, so that generalizations are difficult. However, the following are points which can be discerned from the results of this study, and which should be of interest to anyone who reads arteriograms:
(i) The vessel segments that seem to cause the most discrepancies are the diagonal, distal half of the left anterior descending, and distal third of the right coronary artery.
(ii) If two standard deviations above and below a single reading of the amount of stenosis in a vessel segment is used to indicate the precision of that reading, then this corresponds to approximately ± 36%.
(iii) Examinations of high technical quality are important, especially in cases of severe disease.
(iv) There is a strong tendency to interpret nonvisible segments as either normal or completely occluded.
(v) The amount of recent experience in reading arteriographs is probably the most important characteristic in determining the accuracy of a reader.
(vi) The probability of misclassifying an individual as far as the number of vessels with at least 70% stenosis is about 0.31 or 31%.
Not surprisingly, the problems pointed out here are similar to those which are known to plague other areas of medical diagnosis involving human judgment and error.10-14 In view of these findings, however, some suggestions can be made in an attempt to remedy the situation. First, the development and widespread use of short courses in arteriography in which participants could be exposed to various examples of the pitfalls they are likely to encounter should be beneficial. Second, it almost goes without saying that the attempt should be made to have available examinations of the highest technical quality. The third suggestion is for each institution to ensure the use of a standardized protocol involving several readers.
We suggest that three readers should independently assess each film, and that the three should be unanimous in their assessments of the number of vessels with at least 70% stenosis, as well as in their identification of the vessels that have that amount of stenosis. The probability that all three readers would simultaneously misclassify an arteriograph is (.31)3 = 0.0298, so that all three would be erroneous in their unanimous conclusion less than 3% of the time. Requiring agreement by only two or more of the three readers would still result in a misclassification rate of almost 23%. Any less than unanimous conclusions should be resolved in a joint session of the three readers, resulting in a unanimous revised assessment. For the assessments in which the readers agreed on the overall assessment of disease, the average of the three independent readings could be used as the estimate of the amount of stenosis in a particular vessel segment, resulting in a standard error of about 10.5% for that estimate.
